ABSTRACT: The purpose of this study was to longitudinally investigate changes in knee joint kinematics and kinetics from 2 to 8 years post-ACLR. Seventeen subjects with primary unilateral transtibial ACLR performed bilateral gait analysis approximately 2 years and 8 years post-ACLR. Seventeen matched healthy control subjects were also analyzed. Kinematic and kinetic comparisons between the ACLR and contralateral limbs over time were completed using a 2 Â 2 (time, limb) repeated-measures ANOVA. Unpaired Student's t-tests were used to compare the ACLR and contralateral kinematics and kinetics to the control group. The ACLR and contralateral limbs had similar gait changes over time. Kinetic changes over time included a reduction in first (p ¼ 0.048) and second (p < 0.001) peak extension moments, internal rotation moment (p < 0.001), adduction moment (first peak: p ¼ 0.002, second peak: p ¼ 0.009, impulse: p ¼ 0.004) and an increase in peak knee flexion moment (p ¼ 0.002). Kinematic changes over time included increases in peak knee flexion angle in the first half of stance (p ¼ 0.026), minimum knee flexion angle in the second half of stance (p < 0.001), and average external rotation angle during stance (p ¼ 0.007), and a reduction in average anterior femoral displacement during stance (p ¼ 0.006).
Anterior cruciate ligament (ACL) injury is most often treated with surgical reconstruction, aiming to restore knee anatomy, joint stability, and re-establish normal knee function. Despite the success of ACL reconstruction (ACLR) in returning the majority of patients to normal knee function, 1 ACLR does not reduce the risk of development of premature knee osteoarthritis (OA) after ACL injury. Studies report between 39 and 56% of young individuals 30 years of age or younger at the time of trauma develop radiographic knee OA approximately 8-12 years after ACLR surgery. [2] [3] [4] Further, nearly 70% show cartilage degeneration on MRI less than 3 years after ACLR. 5 A proposed mechanism for increased risk of development of knee OA after ACL injury and reconstruction is the evidence of abnormal knee biomechanics beginning early after ACLR as summarized in several recent systematic reviews. 6, 7 Data demonstrates that cartilage becomes conditioned to a typical loading environment. 8 Therefore, changes in knee kinematics and kinetics during repetitive tasks such as walking have the potential to change the loading conditions within the cartilage and lead to poorer clinical outcomes, cartilage degeneration, and development of knee OA after ACLR. [9] [10] [11] [12] [13] [14] While kinematic 7, 15, 16 and kinetic 6, 7, 17 changes to the ACLR knee have been described in all three planes of motion, the majority of studies have investigated joint biomechanics at a single time point following ACLR. Measurements at a single time point may not capture longer-term outcome of ACLR surgery, including changes that could occur in joint loading over time. For example, conflicting reports regarding changes in the knee adduction moment (KAM) after ACLR have been reported, with studies finding increases, 18 no change, 19 and decreases 17, 20, 21 in KAM as compared to the contralateral limb and healthy controls. Such conflicting reports may be due, in part, to changes in joint biomechanics with time after ACLR.
Despite the potential importance of gait changes after ACLR, few studies have prospectively looked at changes in gait over time after reconstruction surgery, [22] [23] [24] [25] [26] [27] with the majority of studies investigating changes at a relatively early time point after surgery. To date, the longest prospective analyses have been conducted up to 3 years, 23 ,25 4 years, 22 and 5 years post-ACLR, 24 and have reported conflicting results. Webster et al. 23 investigated three-dimensional kinematic and kinetic changes during walking over a period of 10 months to 3 years after ACLR, and found changes in several gait variables including knee flexion at terminal stance, KAM, and knee extension moment over time. Titchenal et al. 22 investigated changes in knee kinematics over a period of 2-4 years after ACLR and found changes in the knee center of rotation. Tagesson et al. 24 found no changes in dynamic tibial translation during gait over a 5 year time period after ACLR, while Lin et al. 25 investigated kinematic changes over a period of 6 months to 3 years post-ACLR during a step-up motion and found longitudinal changes in tibiofemoral contact locations. Given the relative lack of longer-term data on longitudinal three-dimensional kinematic and kinetic changes after ACLR during level walking, a common task that all individuals participate in, and given that the time scale between ACL injury and the development of radiographic knee OA is often greater than 10 years, 2 there is a need for longer term follow-up to understand changes in three-dimensional gait mechanics during walking after ACLR.
Thus, the purpose of this study was to prospectively investigate changes in knee gait mechanics during walking between two and eight years after ACLR. As prior work demonstrates bilateral neuromuscular alterations after ACL injury, [28] [29] [30] [31] longitudinal changes in both the ACLR and contralateral limbs were investigated. Specifically, we hypothesized that there would be longitudinal changes in specific kinematic (knee flexion, adduction, rotation, and femoral translation) and kinetic (adduction, flexion, extension, and rotation moments) features in the ACLR and contralateral limbs during level walking from 2 to 8 years post-ACLR. Data from an age-, sex-, and BMI-matched healthy control group were analyzed for comparison to the ACL cohort.
METHODS
Study Design and Level of Evidence (Prognostic Study, Level II) Participants This study was approved by the Stanford University Institutional Review Board, and all patients provided written informed consent prior to participation. Seventeen subjects 8 years after unilateral primary transtibial ACLR (7.7 AE 0.7 years) were recruited from a cohort of 42 subjects who performed bilateral gait analysis approximately 2 years post-ACLR (2.2 AE 0.3 years) and agreed to future contact. 17 Because the 42 subjects from the cross-sectional study were not informed or consented for the follow-up test, new IRB approval was sought to re-contact these subjects for additional testing. As such, the study population represents an opportunity sample 32 consisting of subjects without additional knee injuries or surgeries that were available to return for the 8-year follow-up. Of the subjects who did not return for follow-up gait testing, nine did not respond, five were unable to participate due to time constraints, three had moved away from the area, three had additional arthroscopic surgery on their affected limb, two had re-torn their ACL, two were not interested, and one had injured their contralateral limb.
Inclusion criteria for the 2-year study 17 included: (i) successful single-bundle unilateral ACLR based on clinical exam (KT-1000 side-to-side difference <5 mm); (ii) no other history of serious lower limb injury; (iii) self-reported history of knee stability; and (iv) knee MRI to confirm intact graft. Exclusion criteria included: (i) removal of more than 25% of the meniscus; (ii) a history of other serious ligamentous injury to either lower limb; (iii) clinical instability of the reconstructed knee, (iv) BMI>30 kg/m 2 ; (v) significant observable chondral defects by MRI; or (vi) a history of surgical procedures performed on either lower limb or revision operation of the ACL. The additional inclusion and exclusion criteria for participation in the 8-year follow-up study were willingness to attend an in-person follow-up test and no additional serious injuries or surgical procedures to either lower limb. The ACLR procedures were performed by seven surgeons, and no participant underwent any further surgery following the reconstruction.
Data from a cohort of 17 healthy control subjects with no history of serious injury to either limb that were age-, sex-, and BMI-matched to the 8-year follow-up cohort were also analyzed, with one knee randomly selected per control subject. The control cohort was age-matched to the age of the study cohort at 8-year follow-up, as data shows gait is stable before the age of 45 years. 33 The healthy participants provided IRB-approved consent prior to participation.
Gait Analysis
All subjects performed three successful trials of level walking at a self-selected normal speed separately for each limb along a 10-m walkway in their own walking shoes in the same laboratory at the 2 and 8 year time points. Subjects were instructed to walk at their normal walking pace, and variations in walking speed between the three trials were limited by ensuring that the subjects started walking at the same location for the three trials and made the same number of footsteps until they hit the force plate. The order of testing of the limbs was randomly selected. A trial was considered successful if the foot of the leg being tested fully struck the force plate. Kinematic and kinetic data were collected with an optoelectronic motion capture system (Qualisys Medical, Gothenburg, SE) and a multicomponent force plate embedded in the walkway (Bertec Corporation, Columbus, OH), which were synchronized and recorded data at 120 Hz. Lower limb kinematics and kinetics were analyzed with the software application BioMove (Stanford University, CA) using the point cluster technique 34 and previously described methods. [34] [35] [36] Briefly, the anatomical frames of the foot, shank, and thigh segments were determined during a standing reference pose collected before the walking trials. 36 The position and orientation of the foot, shank, and thigh segments were calculated using clusters of reflective markers fixed to the participant. The knee flexion angle, varus rotation angle, and external rotation of the tibia relative to the femur were calculated according to the joint coordinate system. 37 Anterior displacement of the femur relative to the tibia was defined as the position of the center of the femoral trans-epicondylar axis along the anterior-posterior axis of the tibial anatomical frame. Knee joint moments in all three planes were calculated using inverse dynamics 38, 39 and were expressed as external moments relative to the tibial anatomical frame based upon the position of palpable anatomical landmarks. 36 A vertical ground reaction force threshold of 10 N was used to detect the beginning and the end of the stance phase (heel-strike and toe-off), and the stance phase for knee kinematics and kinetics were normalized to 101 time points (0-100%) during this phase and averaged over the three walking trials. Moments were normalized to body weight and height (%Bw Ã Ht) for comparison between subjects.
Kinematic and kinetic variables for analysis were chosen to provide a comprehensive three-dimensional analysis of changes in gait biomechanics over time, and were based on literature regarding changes in kinematics and kinetics after ACLR, 7, 16, 17, 27, 40, 41 as well as the importance to clinical outcomes (patient-reported outcomes) 11, 42, 43 and progression of knee OA. [44] [45] [46] [47] For kinetic analyses, our outcome variables included the peak knee flexion moment (KFM), knee adduction moment first peak (KAM1), second peak (KAM2), and impulse (KAM Impulse), first and second peak extension moments (KEM1 and KEM2), and peak internal (KIRM) and external (KERM) rotation moments. For kinematic analyses, our outcome variables included the peak knee flexion angle during the first half of stance phase, minimum knee flexion angle in the second half of stance phase, peak varus angle in LONGITUDINAL GAIT CHANGES AFTER ACLR the first half of stance phase, peak valgus angle in the second half of stance phase, average external rotation angle during stance (heel-strike to toe-off), and average anterior femoral displacement during stance (heel-strike to toe-off). Spatiotemporal variables included walking speed and step length.
Statistical Analysis
Comparisons between the ACLR and contralateral limbs over time were completed using a 2 (limb: ACLR and contralateral) Â 2 (time: 2 years post-ACLR and 8 years post-ACLR) repeated-measures analysis of variance (ANOVA) with time and limb as within-subject factors. Upon a significant result of the ANOVA, post hoc paired Student's t-tests were used for analyses. Unpaired Student's t-tests were used to compare the ACLR and contralateral data at baseline and follow-up to the control group. An a ¼ 0.05 was used for all analyses with the Holm-Bonferroni method to account for multiple comparisons. Adjusted p-values from Holm-Bonferroni analyses are presented throughout the results. All statistical analyses were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL).
RESULTS

Participants
The ACLR study participants included 12 females and five males ( Table 1 ). The reconstructions were performed on nine right knees and eight left knees. The average (AEstandard deviation) time between injury and reconstruction was 2.0 AE 1.8 months. All ACLR subjects had a single-bundle ACLR performed with a transtibial technique, with 15 performed with an Achilles allograft, one performed with a bone-patellar tendon-bone allograft, and one performed with a bone-patellar tendonbone autograft. There were no significant changes in patient-reported outcome measures (Lysholm: p ¼ 0. 48 
Kinetics
There was a significant main effect of time on joint kinetics ( Table 2) . Over the follow-up period, there was a reduction in the magnitude of KEM1 (p ¼ 0.048) and KEM2 (p < 0.001), while an increase in peak KFM (p ¼ 0.002) was seen (Fig. 1) . KAM1 (p < 0.001), KAM2 (p ¼ 0.009), KAM Impulse (p ¼ 0.004), and KIRM (p < 0.001) decreased over follow-up (Fig. 1) . For all moments, the ACLR and contralateral limb changed similarly over time (no significant interaction effects were observed). No significant effect of limb was seen after controlling for multiple comparisons ( Table 2) .
Comparison to the healthy control population at baseline demonstrated that the KEM1 was significantly higher in the ACLR (p ¼ 0.012) and contralateral (p ¼ 0.047) limbs versus control. Further, at baseline the KERM was significantly reduced in the ACLR (p ¼ 0.041) limb versus control and the peak KFM was significantly reduced in both the ACLR (p ¼ 0.006) and contralateral (p ¼ 0.048) limbs versus control. At follow-up, KEM2 was significantly reduced in the ACLR (p ¼ 0.011) limb versus control.
Kinematics
There was a significant main effect of time on joint kinematics (Table 3) . For all variables the ACLR and contralateral limb changed similarly over time (no significant interaction effects were observed). Over the follow-up period, there was a significant increase in peak knee flexion angle in the first half of stance phase (p ¼ 0.026) and in the minimum knee flexion Tegner scores range from 0 to 10, where 0 is "on sick leave/disability" and 10 is "participation in competitive sports such as soccer at a national elite level." All data given as mean AE standard deviation.
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angle in the second half of stance phase (p < 0.001) (Fig. 2) . The average external rotation angle increased from 2 to 8 years post-ACLR (p ¼ 0.007), while a reduction in average anterior femoral displacement (increase in average anterior tibial displacement) was observed (p ¼ 0.006) (Fig. 2) . Only one significant effect of limb was seen after controlling for multiple compar- There were no differences in walking speed or step length between either assessments or legs in the ACLR cohort (Table 3 ). There was only one significant difference in spatiotemporal variables as compared to the healthy control population, with smaller step length in the contralateral limb at baseline as compared to healthy control (p ¼ 0.04). 
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DISCUSSION
The results of this study demonstrate that there are longitudinal changes from 2 to 8 years post-ACLR in knee joint kinetic and kinematic features that have been related to clinical patient-reported outcomes after ACLR 11, 42, 43 and the progression [44] [45] [46] [47] of knee OA. The ACLR and contralateral limbs changed similarly over the follow-up period, suggesting a bilateral adaptation to injury of a single limb. While it is well-documented that there are alterations in gait mechanics following ACLR, there exists some conflicting evidence on the direction and magnitude of such changes. 6, 7 These discrepancies may partially be due to the time at which the studies were conducted after reconstruction. Given the long term perspective 2 in the development of OA in the ACL population, this work is a further step in understanding changes that continue to occur in gait mechanics with time after ACLR. The results of this study demonstrated an increase in peak KFM from 2 to 8 years post-ACLR. This change could be considered an improvement, as no difference was observed at 8-year follow-up in peak KFM as compared to the healthy control population, while a reduction in peak KFM was observed in both the ACLR and contralateral limbs at baseline versus control. Previous work has shown that ACLR subjects display reduced peak KFM, 6 an indication of diminished quadriceps function, 48 possibly due to reduced quadriceps strength, impaired neuromuscular control, compensatory movements, or lingering symptoms. Thus, the increase in KFM over time may indicate long-term continued recovery of quadriceps function. Further, the reduction in KEM1 and KERM over the follow-up period may also indicate improvements in joint loading over time, as significant differences were noted at baseline in KEM1 in both the ACLR and contralateral limbs as compared to healthy control and in the KERM in the ACLR limb as compared to healthy control, while no differences were observed at the 8-year follow-up. However, it is unknown if reductions would continue to occur with increasing time post-ACLR (greater than 8-years post-ACLR), and if such changes could be associated with degenerative changes as growing evidence suggests both joint unloading and overloading may be associated with degenerative cartilage changes. 13, 49 Further, research from early knee OA populations demonstrates reduced joint moments, 50 and a recent study by Wellsandt et al. 10 demonstrated patients developing radiographic knee OA after ACLR had lower KAMs early after reconstruction than patients who did not develop OA. Thus, while no significant differences were observed in KAM1, KAM2, KAM Impulse, or KIRM between ACLR subjects and healthy controls, the reductions in these metrics over time may be indicative of neuromuscular adaptations in loading that precede development of clinical symptoms. 10, 50 The significant reduction in KEM2 in the ACLR limb over the follow-up period resulted in joint loading that was significantly different from healthy control at followup. Prior work has shown a significant reduction in KEM2 in the ACLR limb as compared to the contralateral limb, 17 though the significance of this change with regard to development of knee OA is unclear.
No significant differences were noted between the ACLR and contralateral limbs in joint kinetics after controlling for multiple comparisons. Interestingly, the kinetic changes over time in the contralateral limb tended to mimic the pattern of the ACLR limb, with no differences observed in changes over time between the reconstructed and contralateral limbs. The symmetric adaptation over time suggests, consistent with previous work reporting bilateral neuromuscular alterations after ACL injury, [28] [29] [30] [31] that the ACLR patients adapted their gait symmetrically.
Similarly, kinematic changes over time were observed in both the ACLR and contralateral limbs.
Analyses demonstrated significant changes (knee flexion-extension, external rotation, and femoral displacement) over time in both the ACLR and contralateral limbs in variables associated with clinical outcomes as assessed by patient-reported outcomes after ACLR 11, 42, 43 and increased risk of progression 45 of knee OA. The increase in peak knee flexion over time is consistent with the observed increase in KFM over time, and may suggest an improvement in gait mechanics, as prior work demonstrates that ACLR subjects display reduced midstance peak knee flexion angles during gait. 7 The increase in minimum knee flexion angle in the second half of stance resulted in a significant difference between the ACLR limb and healthy controls at 8-year follow-up, and thus may be indicative of worsening of this kinematic variable. Prior work by Shelbourne and Gray 14 demonstrated that loss of knee extension adversely affected subjective and objective results at a mean of 14 years after surgery, though the clinical significance of this change to the development of knee OA in this population is unclear. The external rotation of the tibia increased over time in both limbs, with a trend towards a more externally rotated tibia in the ACLR limb as compared to the contralateral limb. Prior work in the ACLR population at single time points also shows an increase in external tibial rotation. 41 A reduction in anterior femoral displacement was also found, which is consistent with prior work showing an increase in anterior tibial translation (i.e., reduction in anterior femoral displacement) in the ACLR limb at a single time point. 16, 40 While no significant differences were observed in tibial rotation or femoral displacement as compared to the healthy control population, the significant changes over time in these variables may suggest worsening of these gait features over the follow-up period, as there is growing evidence that such kinematic changes causing even a small change in loadbearing position can alter loading in the cartilage and lead to degenerative changes in local regions of cartilage not adapted to withstand the new mechanical loading environment. 8, 13, 49 It is important to note that while this study demonstrates similar longitudinal kinematic and kinetic changes in the contralateral limb and affected limb after ACLR, the occurrence of premature knee OA in the contralateral knee is much less than in the affected limb. 51 This observation suggests that other factors such as altered biology, 52, 53 in addition to altered biomechanics, play a significant role in development of premature knee OA in the ACLR limb. It is also of interest to note that patient-reported outcome measures (Table 1) showed minimal changes from 2 to 8 years prospectively while gait demonstrated significant changes. This finding suggests that gait may be a more sensitive metric than patient-reported outcomes in patients with well-functioning ACLRs.
The difference in time frames between our study (from 2 to 8 years post-ACLR) and that of other LONGITUDINAL GAIT CHANGES AFTER ACLR prospective studies of ACLR patients such as Webster et al. 23 and Tagesson et al. 24 may explain the different results observed. While we found a reduction in extension in terminal stance and a reduction in extension and adduction moments, Webster et al. 23 found an increase in terminal extension and extension moment in the ACLR limb and an increase in KAM in both limbs from 10 months to 3 years post-ACLR. Further, our work in the current study demonstrated a reduction in anterior femoral displacement over time, while Tagesson et al. 24 found no change in maximal anterior tibial translation from 5 weeks to 5 years post-ACLR. The prospective study by Lin et al. 25 investigated tibiofemoral cartilage contact locations during a dynamic step-up motion, and found the contact locations were located more anteriorly at 3 years post-ACLR as compared to 6 months post-ACLR, consistent with our finding of a reduction in anterior femoral displacement (an increase in anterior tibial translation) over time. Further work is needed to understand if there is a time at which kinematics and kinetics stabilize after injury and reconstruction and to understand if such changes are related to the development of knee OA. The finding of continued prospective changes in joint mechanics over a longterm period after ACLR suggests that perhaps longerterm rehabilitation or interventional programs may be needed after the 6-12 month period following ACLR during which standard rehabilitation occurs.
There are limitations to the present study which should be acknowledged. The follow-up testing at 8 years was not part of the original study protocol and the number of subjects available at the 8 year follow-up was relatively small. As such the results could be exposed to bias common to opportunity samples. 32 However, capturing a longer term follow-up in this population shows key mid-term findings of significant longitudinal changes in both kinematic and kinetic measures from 2 to 8 years post-reconstruction that have been related to clinical patient-reported outcomes 11, 42, 43 after ACLR and knee OA progression. [44] [45] [46] [47] Further, comparison of baseline demographics between subjects who returned for 8 year follow-up and those who did not showed no differences between groups. Because clinical changes related to knee OA often are not apparent for 10 years or more, these gait changes may show potential in providing earlier warning of deteriorating knee function and opportunities for early intervention. Future work is needed to confirm the results of this study in a larger prospective cohort. While data was collected in the same laboratory with the same set-up at the 2 and 8 year time points, and researchers collecting data at the 2 and 8 year time points were trained by the same single individual with regard to gait analysis techniques, including placement of body markers, there is potential for error associated with gait analysis techniques. Literature 54 in young healthy adults reported that interraterintersession standard error of measurement (SEM) values for knee kinematics are typically below 2˚with minimally detectable change (MDC) values of approximately 5˚. Thus, the significant changes found in the kinematics in present study were above measurement error but generally not large enough to exceed the previously reported MDC. For knee kinetics, previouslyreported SEM values were typically below 0.05 Nm/kg, with MDC values of approximately 0.1 Nm/kg. 54 The significant results of joint kinetics in the current study were above the measurement error for all variables, and above the MDC for KFM, KEM2, and KIRM. While this work contributes important new information towards understanding longer-term longitudinal changes in knee joint biomechanics after ACLR, future work incorporating imaging to determine knee joint degeneration is needed to understand if these biomechanical gait features are associated with the development of premature knee OA.
In conclusion, this work demonstrates longitudinal changes in both knee joint kinetics and kinematics from 2 to 8 years after ACLR surgery. The fact that similar changes were found on the contralateral knee, together with the lower rate of OA in the contralateral limb, suggests that the biomechanical changes are likely acting together with altered structural and biological factors in the ACLR knee. Given that approximately 50% of the ACLR population develop premature radiographic knee OA within 10-15 years of injury, 2 the results of this study supports future larger and comprehensive investigations into longterm changes in joint mechanics in the ACLR population, including investigation of the clinical effect of these gait changes. Such work will help to identify specific features that place some patients at greatest risk of developing knee OA after ACLR.
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